Abstract. Chidamide, a novel histone deacetylase (HDAC) inhibitor, induces antitumor effects in various types of cancer. The present study aimed to evaluate the cytotoxic effect of chidamide on multiple myeloma and the underlying mechanisms involved. Viability of multiple myeloma cells upon chidamide treatment was determined by the Cell Counting Kit-8 assay. Apoptosis induction and cell cycle alteration were detected by flow cytometry. Specific apoptosis-associated proteins and cell cycle proteins were evaluated by western blot analysis. Chidamide suppressed cell viability in a timeand dose-dependent manner. Chidamide treatment markedly suppressed the expression of type I HDACs and further induced the acetylation of histones H3 and H4. In addition, it promoted G 0 /G 1 arrest by decreasing cyclin D1 and c-myc expression, and increasing phosphorylated-cellular tumor antigen p53 and cyclin-dependent kinase inhibitor 1 (p21) expression in a dose-dependent manner. Treatment with chidamide induced cell apoptosis by upregulating the apoptosis regulator Bax/B-cell lymphoma 2 ratio in a caspase-dependent manner. In addition, the combination of chidamide with bortezomib, a proteasome inhibitor widely used as a therapeutic agent for multiple myeloma, resulted in enhanced inhibition of cell viability. In conclusion, chidamide induces a marked antimyeloma effect by inducing G 0 /G 1 arrest and apoptosis via a caspase-dependent pathway. The present study provides evidence for the clinical application of chidamide in multiple myeloma.
Introduction
Multiple myeloma (MM) is the second most frequent hematological neoplasm in the USA in 2018 (1) and is characterized by the infiltration of clonal plasma cells in the bone marrow, secretion of monoclonal immunoglobulins and end organ damage (2) . Over the last decade, the introduction of proteasome inhibitors [bortezomib (BTZ) and carfilzomib] and immunomodulatory drugs (thalidomide and lenalidomide), combined with autologous stem cell transplantation, have significantly improved the prognosis of patients with MM. The 5-year overall survival (OS) rate of patients diagnosed between 2005 and 2011 was nearly double the rate of patients diagnosed between 1975 and 1977 (49 and 25%, respectively) (3). However, MM remains an incurable disease, and the majority of patients will eventually relapse and become chemorefractory to currently available drugs. Therefore, further development of novel therapies is required.
Histone deacetylase (HDAC) inhibitors (HDACIs), are believed to be promising therapeutic drugs in the treatment of cancer. To date, only 4 HDACIs (panobinostat, belinostat, romidepsin and vorinostat) have been approved by the US Food and Drug Administration (FDA) for the treatment of several types of cancer. Deregulation of histone acetylation has been recognized to serve a critical role in the pathogenesis of MM (4) . HDACs are overexpressed in plasma cells derived from patients with MM, compared with those from healthy controls. High expression levels of HDAC1 protein are associated with decreased overall survival time (OS) in patients with MM (4) . In addition, HDACI treatment induces the upregulation of 21 genes, which were reported to be associated with improved OS in MM (5) . Therefore, HDACs have been considered promising targets for MM therapies. Several HDACI-based regimens are in clinical trials for MM, with overall response rates of 42-61% (6) (7) (8) . The phase 3 study PANORAMA-1 demonstrated that the chemotherapy regimen including panobinostat (a pan-HDACI) resulted in a longer progression-free survival, when compared with that in the placebo group (7) . As a result, panobinostat was approved by the FDA for the treatment of relapsed/refractory MM in 2015. However, a number of adverse events have been observed with pan-HDACIs, including diarrhea, anorexia, nausea, fatigue, thrombus and thrombocytopenia (7) . To reduce the adverse events of pan-HDACIs, selective HDACIs targeting class I isoforms with improved efficacy and lower toxicity may be promising drugs for the treatment of MM (9) .
Chidamide (CM), a novel benzamide type HDACI, selectively suppresses the activity of class I HDACs, including HDAC1, HDAC2, HDAC3 and HDAC10 (10, 11) . Previous studies have revealed that CM induces cell proliferation inhibition and apoptosis in several hematological malignancies, including myelodysplastic syndromes (12) , leukemia (13) (14) (15) and natural killer (NK)/T-cell lymphoma (16) , as well as non-hematological malignancies, including lung cancer (17) , hepatocellular carcinoma (18) , colon cancer (19) and pancreatic cancer (20) . CM was approved by the China FDA for the treatment of peripheral T-cell lymphoma (PTCL) in 2014 (21) . A study in 2017 revealed that the overall response rate to CM alone or in combination was 39.06 and 51.18%, respectively, for relapsed/refractory PTCL (22) . At present, clinical trials of CM are being conducted in China and the US for the treatment of solid tumors. However, to the best of our knowledge, its biological effects on MM and relevant mechanisms have not been investigated.
In the present study, the cytotoxic effect of CM on MM cells was evaluated and the possible mechanisms involved were investigated. The aim of the present study was to provide evidence for the clinical application of chidamide in multiple myeloma.
Materials and methods
Cell lines and cell culture. The human MM RPMI8226 and U266 cell lines were obtained from the Hematology Institute of Zhejiang University (Hangzhou, China). All cells were cultured in a humidified atmosphere containing 5% CO 2 at 37˚C. All cells were maintained in RPMI-1640 medium with 10% fetal bovine serum, penicillin (100 U/ml) and streptomycin (100 µg/ml) (all Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Bone marrow was collected from 4 newly diagnosed patients with MM admitted to the Second Affiliated Hospital, Zhejiang University School of Medicine (Hangzhou, China) between January 2018 and March 2018. Patient 1 was a 59-year-old male with IgG/κ subtype, patient 2 was a 58-year-old male with IgG/λ subtype, patient 3 was a 72-year-old male with IgG/λ subtype and patient 4 was a 77-year-old female with IgG/λ subtype. Once informed consent was obtained, an additional 3 ml of bone marrow was extracted during the diagnostic bone marrow puncture. Subsequently, primary myeloma cells were isolated by Ficoll-Hypaque density gradient centrifugation (2,000 x g, 15 min at room temperature). All experiments were performed according to the protocol approved by the Ethics Committee, The Second Affiliated Hospital, Zhejiang University School of Medicine (approval no. 2019022; Hangzhou, China).
Reagents and antibodies. CM was obtained from Shenzhen Chipscreen Biosciences Co., Ltd. (Shenzhen, China). CM was prepared in dimethylsulfoxide (DMSO) and stored at -20˚C at 20 mmol/l. The final concentration of DMSO in the culture medium was <0.1%. The molecular weight of CM is 747. 25 and its formula is provided in Fig. 1A . BTZ was purchased from Xian Janssen Pharmaceutical Ltd. (Beijing, China ., Kumamoto, Japan). According to the manufacturer's instruction, 10 µl CCK-8 solution was added to each well for 3 h at 37˚C. The optical density (OD) was measured at 450 nm using a microplate reader (Biotek, Winooski, VT, USA). To determine whether CM sensitized MM cells to BTZ, the cells were cultured with media containing 0.5 µmol/l CM for RPMI8226 cells or 2 µmol/l CM for U266 cells in the absence or presence of BTZ (2.5 and 5 ng/ml) for 24 h, and subsequently cell viability was assessed using the CCK-8 assay. The cell viability was calculated as
The viability inhibition rate (%) was calculated as [100-cell viability rate (%)]. Time-and dose-response curves were produced using GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA). IC 50 values were predicted based on the available data using the SPSS probit model analysis (SPSS v17.0; SPSS, Inc., Chicago, IL, USA).
Western blot analysis. Following exposure to CM (0, 0.5, 1, 2 µmol/l for PRMI8226 cells, and 0, 2, 4, 8 µmol/l for U266 cells) for 48 h, the cells were harvested and washed with ice-cold PBS. Proteins were extracted using ice-cold radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology) with phenylmethylsulfonyl fluoride. Following a brief sonication, the cell lysates were kept on ice and subsequently centrifuged at 15,984 x g for 10 min. Supernatant was collected and the protein concentrations were quantified with a bicinchoninic acid assay (Beyotime Institute of Biotechnology) according to the manufacturer's protocol. Total protein (40 µg/lane) was separated using 10-12% SDS-PAGE and transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). The membrane was subsequently blocked with TBST (0.05% Tween-20) containing 5% skimmed milk for 1 h and probed overnight with the corresponding primary antibodies (diluted in primary antibody dilution buffer from Beyotime Institute of Biotechnology) at 4˚C. Subsequently the membrane was washed with TBST, exposed to the corresponding HRP-conjugated secondary antibodies for 1 h at room temperature, and detected by enhanced chemiluminescence (EMD Millipore).
Flow cytometric analysis. Apoptosis was investigated using an Annexin V-fluorescein isothiocyanate (FITC) apoptosis kit according to the manufacturer's protocol (BD Biosciences, San Jose, CA, USA). Briefly, following CM treatment (0, 0.5, 1, 2 µmol/l for PRMI8226 cells, and 0, 2, 4, 8 µmol/l for U266 cells) for 48 h, the cells were harvested and washed with ice-cold PBS and adjusted to 1x10 6 cells/ml with binding buffer. Subsequently, the cells were incubated with 5 µl FITC-labeled Annexin V and 5 µl propidium iodide (PI) at room temperature in the dark for 15 min. Finally, the stained cells were analyzed using a flow cytometer (BD Biosciences). The storing and processing of data was performed with FlowJo software v10.0.7 (Tree Star, Inc., Ashland, OR, USA).
Cell cycle analysis was also performed by flow cytometry. Following CM treatment (0, 0.5, 1, 2 µmol/l for PRMI8226 cells, and 0, 2, 4, 8 µmol/l for U266 cells) for 48 h, the cells were washed with ice-cold PBS and subsequently fixed in 70% ice-cold ethanol overnight. Subsequently, the cells were harvested and incubated in PBS with 100 mg/ml PI and 100 µg/ml RNase A for 30 min (Beyotime Institute of Biotechnology). The PI-stained cells were subjected to cell cycle profiling analysis using a flow cytometer (BD Biosciences). Finally, the cell-cycle distribution was analyzed using ModFit LT software (v3.1, Verity Software House, Inc., Topsham, ME, USA).
Morphological analysis of apoptosis.
To investigate the effect of CM on cell morphology, myeloma cells were treated in the presence or absence of CM (2 µmol/l for PRMI8226 cells, and 8 µmol/l for U266 cells) for 48 h. Cytospin slides were prepared and subsequently stained with Giemsa-Wright staining for 20 min at room temperature. Cell morphology was observed under a light microscope (x400 magnification). Characteristics of apoptosis including nuclear fragmentation, chromatin condensation and apoptotic bodies were observed.
Statistical analysis. All data are presented as the means ± standard deviation for ≥3 separate experiments. All analyses were performed using SPSS. Inter-group comparison was performed using 2-sided Student's t-test (2 groups) or one-way analysis of variance (≥3 groups), followed by a Student-Newman-Keuls test for subsequent multiple comparisons between groups. P<0.05 was considered to indicate a statistically significant difference.
Results

CM suppresses the viability of myeloma cell lines and primary myeloma cells.
The effect of CM on myeloma cell lines (RPMI8226 and U266) and primary myeloma cells from 4 patients with MM was investigated using the CCK-8 assay. The 50% inhibitory concentration (IC 50 ) was measured using different concentrations (0.25-8 µmol/l for 24-72 h). CM inhibited the viability of the MM cell lines in a time-and dose-dependent manner (Fig. 1B and C) (Fig. 1D) .
CM induces G 0 /G 1 phase arrest in myeloma cells. To investigate whether CM alters the cell cycle, the DNA content of the cells was examined (PI staining) using flow cytometry. The cell cycle analysis demonstrated that CM induced G 0 /G 1 phase arrest in the RPMI8226 and U266 cells (Fig. 2) . The 
CM induces apoptosis in MM cell lines.
To demonstrate whether the inhibition of cell viability was due to the induction of cell apoptosis, flow cytometry with Annexin V positive staining (the lower right and upper right quadrants represent cells undergoing apoptosis) was used. Following treatment for 48 h, CM significantly promoted apoptosis in a dose-dependent manner in the RPMI8226 and U266 cells. Compared with untreated cells, the proportion of apoptotic cells increased from 7.12±2.50 to 31.51±4.52% in the RPMI8226 cells following exposure to 2 µmol/l CM for 48 h (P<0.001; Fig. 3A, C) and from 6.82±2.41 to 18.21±3.51% in the U266 cells following exposure to 8 µmol/l CM for 48 h (P=0.004; Fig. 3B, D) .
To confirm the apoptotic effect of CM, morphological observation was performed using Giemsa-Wright staining. The morphology of myeloma cells treated in the presence or absence of CM (2 µmol/l for RPMI8226 cells and 8 µmol/l for U266 cells) for 48 h was examined. Morphological changes, including nuclear fragmentation, chromatin condensation and apoptotic bodies, which are characteristics of apoptosis, were observed ( Fig. 3E and F) .
CM decreases the expression of HDACs and increases the acetylation levels of histones H3 and H4.
To investigate the possible mechanisms of CM, the expression of class I HDACs (HDAC1, HDAC2 and HDAC3) in MM cells was evaluated by western blot analysis. CM treatment markedly suppressed the expression of HDAC1, HDAC2 and HDAC3 in a dose-dependent manner in RPMI8226 (Fig. 4A ) and U266 cells (Fig. 4B ) following treatment for 48 h. In addition, the acetylation of histones H3 and H4 was also markedly increased following exposure to CM for 48 h for the RPMI8226 and U266 cells. These results demonstrate that CM can inhibit class I HDAC enzyme activity, and subsequently induce the acetylation of histones H3 and H4 in myeloma cells.
CM downregulates the expression of Bcl-2, mcl-1, c-myc and cyclin D1, and upregulates the expression of p-p53, Bax and p21.
To understand the molecular mechanisms involved in CM-induced cell cycle arrest and apoptosis, the protein expression of Bcl-2, Bax, mcl-1, c-myc, p53, p-p53, cyclin D1 and p21 was investigated. As expected, CM treatment markedly deceased cyclin D1 and c-myc expression, but increased p21 and p-p53 expression in a dose-dependent manner, which markedly induced G 0 /G 1 arrest (Fig. 4C and D) . The total p53 expression was not changed. CM treatment increased the expression of Bax, but decreased the expression of Bcl-2 and mcl-1 ( Fig. 4E and F) in a dose-dependent manner, which may induce cell apoptosis by upregulating the Bax/Bcl-2 ratio.
CM promotes apoptosis in a caspase-dependent manner.
The role of members of the caspase family in CM-induced apoptosis of MM cells was investigated using western blot analysis. The treatment of RPMI8226 and U266 cells with CM for 48 h induced the cleavage of caspase-8, caspase-9, caspase-3 and PARP in a dose-dependent manner, which is a hallmark of apoptosis (Fig. 5) . These results indicate that CM induces apoptosis in a caspase-dependent manner.
CM sensitizes MM cells to BTZ. CM was investigated further to examine whether it enhanced the cytotoxic effect of BTZ on MM cells. RPMI8226 and U266 cells were exposed to CM alone (0.5 µmol/l for RPMI8226 cells and 2 µmol/l for U266 cells) and in combination with BTZ (2.5 or 5 ng/ml) for 24 h. A low dose of CM slightly suppressed cell viability when used alone; the viability inhibition rate was 12.60±2.82% in the RPMI8226 cells and 4.92±1.28% in U266. In RPMI8226 cells, compared with 2.5 ng/ml BTZ treatment alone, the inhibition rate of BTZ co-treatment with 0.5 µmol/l CM for 24 h increased from 28.11±2.12 to 48.84±2.82% (P<0.001). In U266 cells, compared with treatment with 2.5 ng/ml BTZ alone, the inhibition rate of BTZ co-treatment with 2 µmol/l CM for 24 h increased from 4.35±1.94 to 22.83±1.10% (P<0.001; Fig. 6 ). The combination index (CI) values were calculated using the Chou-Talalay equation (23) . The CIs of the low-dose combination were 0.947 and 0.385 in the RPMI8226 and U266 cells, respectively. All of the CIs were <1, which suggests a synergistic combination of CM and BTZ at a low dose.
Discussion
In the present study, CM induced an anti-myeloma effect by decreasing the expression of class I HDACs and increasing the acetylation levels of histones H3 and H4. In addition, CM treatment induced G 0 /G 1 arrest by decreasing the expression of cyclin D1 and c-myc, and increasing the expression of p-p53 and p21. Furthermore, it promoted cell apoptosis by upregulating the Bax/Bcl-2 ratio in a caspase-dependent manner.
The therapeutic potential of HDACIs in cancer treatment has attracted increased attention and interest. Some well known mechanisms of HDACIs include the regulation of the cell cycle, apoptosis, metastasis, DNA-damage responses (DDRs), autophagy, angiogenesis and other cellular processes (24) . CM induces anti-tumor effects through various mechanisms, depending on the type of cancer and its dose. These mechanisms include: i) Cell cycle arrest, CM arrests tumor cells at the G 0 /G 1 phase (12, 16, 25) ; ii) apoptosis induction, CM induces apoptosis by regulating the balance of pro-and anti-apoptotic genes, activating intrinsic apoptotic pathways (25) ; iii) suppression of cellular signaling pathways, CM inhibits the Janus kinase/STAT, PI3K/AKT and mitogen-activated protein kinase/JNK signaling pathways (16, 19, 26, 27) ; iv) reactive oxygen species generation and induction of DNA damage (10, 25) ; v) energy metabolism modulation, CM suppresses mitochondrial aerobic respiration by downregulation of mcl-1 (20) ; vi) activation of cellular antitumor immunity mediated by NK cells and antigen-specific cluster of differentiation 8-positive cytotoxic T lymphocytes (11); vii) reversion of transforming growth factor-β-induced epithelial-mesenchymal transition in tumor cells (28) ; and viii) upregulation of the tumor suppressor genes Spi-1 proto-oncogene and Krüppel-like factor-4 (29) . In the present study, it was demonstrated that CM serves a role in suppressing the viability of MM cells. The results suggested that CM was able to inhibit the expression of class I HDACs and further upregulated the acetylation of histones H3 and H4, which confirmed the selective HDACI role of CM in MM. In the present study, the molecular mechanisms underlying cell cycle arrest and apoptosis induction were investigated.
Aberrant cell cycle is considered a hallmark of a number of cancer types. The G 1 /S checkpoint, which controls the cell cycle transition from G 0 /G 1 to S-phase, is frequently lost in cancer cells. The 2 cell cycle kinases, cyclin D-cyclin-dependent kinase (CDK)4/6 and cyclin E-CDK2 complexes, are critical in controlling this checkpoint (30) . Cyclin D1 is a key cell cycle protein belonging to the G 1 phase family. Following activation by extrinsic or intrinsic mitotic signals, cyclin D1 cooperates with CDK4/6 to drive the cell cycle progression from G 0 /G 1 to S phase by phosphorylating retinoblastoma (RB) and releasing E2 factor (E2F) (31) . In addition, cyclin D1 overexpression is significantly associated with tumor invasiveness and metastasis (32) . p21 protein, a CDK inhibitor, can regulate the cell cycle transition from G 0 /G 1 to S-phase in response to a number of stimuli (33) . p21 binds to and inhibits the activity of cyclin E/CDK2, which decreases the CDK2-dependent phosphorylation of RB and E2F1-dependent gene transcription (34) . p21 is primarily regulated by the DDR kinases ataxia-telangiectasia mutated (ATM), p53 and checkpoint kinase 2 (Chk2) (35) . At this checkpoint, p53 can be activated by Chk2 and ATM, thus causing inhibition of cyclin E/CDK2. The c-myc protein, a transcription factor, can drive cell proliferation by the upregulation of CDKs, cyclins and E2F transcription factors, as well as the downregulation of p15, p16, p21 and p27 (36) . Previous studies revealed that almost all HDACIs, including TF2357, valproate, LBH589, NVP-LAQ824, sodium butyrate and suberoylanilide hydroxamic acid (SAHA), induce G 0 /G 1 arrest due to the upregulation of CDK inhibitor by p53-dependent and -independent mechanisms in MM cells (37) (38) (39) (40) (41) (42) . Similarly, it has been reported that treatment with CM induces G 0 /G 1 cell cycle arrest in a number of cancer types. In NK/T-cell lymphoma cell lines, CM decreases cyclin E expression, increases p21 expression and activates the DDR cell cycle checkpoint pathway (ATM-Chk2-p53-p21 pathway) (16) . In colon cancer cells, CM increases the level of p53, p-p53 and p21, but suppresses CDK4 (43) . In myelodysplastic syndromes, CM downregulates CDK2 and upregulates p-p53 and p21 protein expression (12) . The data from the present study revealed that CM promotes G 0 /G 1 cell cycle arrest in MM cells. p53 is mutated in the myeloma cell lines RPMI8226 and U266 (44) . Although p53 expression was not changed following CM treatment, the expression of p-p53 and its downstream target p21 were increased, whereas the expression of c-myc and cyclin D1 were decreased, suggesting that activation of the DDR cell cycle checkpoint pathway may contribute, at least in part, to CM-induced G 0 /G 1 arrest in MM.
Induction of apoptosis has been revealed to be a promising strategy for the development of novel anticancer agents. HDACIs can induce the intrinsic and extrinsic apoptotic pathways (45) . HDACIs upregulate the Bcl-2 family proteins (Bax, Noxa, BH3-interacting domain death agonist, BCL-2-like protein 11, Bcl-2 homologous antagonist killer and Bcl-2-binding component 3), but downregulate anti-apoptotic Bcl-2 family proteins (mcl-1, Bcl-2 and Bcl-xl), thus activating the intrinsic pathway. Previous studies investigating the treatment of HDACIs (KD5170, depsipeptide, ITF2357, SAHA and LBH589) in MM cells found increased mitochondrial permeability and cytosolic release of cytochrome c and second mitochondria-derived activator of caspases following activation of the intrinsic pathway (37, 39, 42, 46, 47) . On the other hand, HDACIs increase the expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors and their susceptibility to TRAIL-induced extrinsic apoptosis, as seen in MM cells following LBH589, valproate and SAHA treatment (39, 42, 48) . Similarly, it has been reported that treatment with CM induces the intrinsic pathway in a number of cancer types. In the NK/T-cell lymphoma cell lines, CM downregulates Bcl-2 and induces the cleavage of PARP, suggesting a mitochondria-mediated caspase-dependent apoptotic pathway (16) . In pancreatic cancer, CM upregulates the Bax/Bcl-2 ratio, thus suppressing cellular proliferation by promoting mitochondrial pathway-dependent cell apoptosis (25) . In leukemia cell lines, CM increases Bcl-2 family protein expression and promotes the generation of reactive oxygen species, mitochondrial dysfunction and cytochrome c release, inducing caspase-dependent apoptosis (13,27,49 ). The Figure 6 . CM sensitizes myeloma cells to BTZ. (A) RPMI8226 and (B) U266 cell lines were exposed to (2.5 g/ml and 5 ng/ml) BTZ alone and in combination with CM (0.5 µmol/l for RPMI8226 cells and 2 µmol/l for U266 cells) for 24 h, and subsequently cell viability was evaluated using the Cell Counting Kit-8. data from the present study revealed that CM induces apoptosis in MM cells in a time-and dose-dependent manner. CM activates caspase-3, caspase-8, caspase-9 and PARP, and increases the Bax/Bcl-2 expression ratio, promoting mitochondrial pathway-dependent cell apoptosis in MM cells.
The present study has several limitations. First, the most common types of inhibitors of apoptosis include the Bcl-2 family and inhibitor of apoptosis proteins (IAP) family. As apoptosis was induced by CM, only the effect of CM on Bcl-2 family (downregulation of mcl-1 and Bcl-2) was investigated, but whether CM can decrease IAP expression will be explored in future experiments. Secondly, it was revealed that CM treatment increased the sensitivity against BTZ in myeloma cells, however, the possible mechanisms involved were not investigated, requiring further study. Thirdly, the anti-myeloma effect of CM was examined only in vitro, therefore the effect should also be investigated in vivo.
In conclusion, it was demonstrated that CM induces an anti-myeloma effect. CM promotes G 0 /G 1 arrest and apoptosis in myeloma cells in a caspase-dependent manner. Future studies will focus on the in vivo efficacy of this treatment and define the optimal combination regimens. The present study provides evidences for the clinical administration of CM in MM.
